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resulted in a negative net present value. However, the net present value would be positive
25
(looking at the 50 th percentile using a 1 % discount rate) if non-monetised benefits (e.g.
26
increased property value divided evenly over the studied time horizon and reduced microbial 27 risks posed to animals), estimated at 800-1200 SEK (€100-150) per connected on-site 
113
The combination of methods aims to enable an estimation of the microbial risk in the DWS as
114
well as an estimation of the effect of risk reduction measures and their societal profitability.
115
Hence, the decision model can serve as a tool within the water safety plan framework. ). The fourth alternative was to install UV-disinfection at the DWTP at Lake Vomb.
147
The four decision alternatives and one reference alternative were analysed: 
149
• Alternative 1 (A1) -Connecting 25 % (621) of the OWTSs to the local WWTP.
150
• Alternative 2 (A2) -Connecting 50 % (1240) of the OWTSs to the local WWTP.
151
• Alternative 3 (A3) -Connecting 75 % (1861) of the OWTSs to the local WWTP.
152
• 
Water quality modelling

208
The pathogen concentrations at the raw water intake (C RW , pathogens/L) were calculated as:
where C Borst , C Torp and C Bjorka (pathogens/L) were the pathogen concentrations in the 211 tributaries; R OWTS (no unit) was the Log 10 reduction in the OWTSs; and R Borst , R Torp and R Bjork
212
(no unit) were the Log 10 reduction due to transport in Lake Vomb from the tributary to the 213 raw water intake. Reduction in the catchment from OWTS discharge until entering Lake
214
Vomb was conservatively assumed to be negligible due to the longevity of pathogens and the 215 rapid transport (Sundahl et al. 2008 ) in the catchment.
216
Hydrodynamic modelling was performed to simulate the fate and transport of pathogens from 217 the point of entering Lake Vomb from the three tributaries to the raw water intake. Due to the 218 linearity of the hydrodynamic model, a constant load was used to estimate the pathogen 219 reduction. Decay of the pathogens was calculated as:
where C t (pathogens/L) was the concentration at t; C 0 (pathogens/L) was the initial 222 concentration; w (1/day) was the decay rate; and t was the time step. The w value was set to Cryptosporidium was also reduced due to settling in the lake. In the MIKE 3 FM, the settling 231 velocity for Cryptosporidium was specified as 0.03 m/day, which is the settling velocity 232 previously suggested for free oocysts (Medema et al. 1998 ). It was conservatively assumed 233 that Cryptosporidium oocysts released into the lake were not attached to particles.
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Comparing the input pathogen concentration at each tributary with the resulting pathogen 235 concentration at the raw water intake, the daily Log 10 reduction due to transport in the lake 236 was calculated. Three year time-series of daily Log 10 reductions were used to estimate the 237 variability in the daily Log 10 reduction for the three different transport paths. The estimated
238
Log 10 reductions for each tributary are presented in Table 1 .
239
The pathogen concentration in drinking water (C DW , pathogens/L) was calculated as:
where R UZ (no unit) was the total Log 10 reduction in the unsaturated zone; R SZ (no unit) was 242 the total Log 10 reduction in the saturated zone; R CT (no unit) was the Log 10 reduction by the 243 conventional treatment at the DWTP; and R UV (no unit) was the total Log 10 reduction by the 244 UV-disinfection. The chlorination step was assumed not to contribute to the microbial 245 removal because of a small dose and that chloramine was used as disinfection agent 1 .
246
The Log 10 reduction in the unsaturated zone (R UZ , no unit) was calculated as:
where R UZ/m (Log 10 /m) was the Log 10 reduction per meter, and Dp UZ (m) was the depth of the 249 unsaturated zone.
250
For Campylobacter and Cryptosporidium, the Log 10 reduction in the saturated zone (R SZ , no 251 unit) was calculated as:
where R SZ/m (Log 10 /m) was the Log 10 reduction per meter in saturated zone, and L SZ (m) was 
257
The estimated Log 10 reductions in conventional treatment (R CT ) are presented in Table 1 .
258
The Log 10 reduction by the UV-disinfection (R UV , no unit) was described as a first order 259 disinfection model and calculated as:
261 where x (cm 2 /mJ) was an inactivation constant; b (no unit) was the interception of the fluence 262 axis; and f (mJ/cm 2 ) was fluence. where P inf (probability) was the daily probability of infection for each pathogen; m (no unit) 275 was the infectivity; and D was the simulated daily pathogen dose that was ingested.
276
The annual probability of infection (P annual , probability) was calculated as: 2010) was used to characterise the drinking water consumer population.
288
Three separate probabilities of infection 2 for the three pathogens were summarised into the 289 total probability of infection (P annual_tot , probability) calculated as:
where P annual_noro , P annual_camp and P annual_cryp (probabilities) were the annual probabilities of 292 infection due to norovirus, Campylobacter and Cryptosporidium respectively. 
Cost-benefit analysis (CBA)
294
A CBA was performed to compare the economic negative effects (costs) with the positive 295 effects (benefits) for each alternative. All inputs for the CBA are presented in Table 2 ; input 
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Environmental benefits for A1-A3 (in A4, environmental benefits were assumed to be zero) 320 were calculated as:
where N (kg) was the increased nitrogen removal; SEK N (SEK/kg) was the monetary value per 323 kg nitrogen removed; Php (kg) was the increased phosphorus removal; and SEK P (SEK/kg) 324 was the monetary value per kg phosphorous removed.
325
Other benefits (B other ) were not monetised using quantitative measures. However, to illustrate 326 the importance of these benefits, an analysis of how large they need to be to produce a 327 positive NPV was conducted within the sensitivity analysis. to having an OWTS were calculated as:
where C Annual_WWTP (SEK) was the annual cost per property when connected to the municipal 363 WWTP; and C Annual_OWTS (SEK) was the annual cost per property when having an OWTS.
364
The C Annual_WWTP was calculated as: The C Annual_OWTS was calculated as: For A4, the investment cost was the installation of UV treatment (C UV , SEK), and the annual 376 cost was the maintenance of the UV treatment (C UVmaint , SEK).
377
A distributional analysis was performed by assigning costs and benefits to private OWTS 378 owners, drinking water consumers, or inhabitants/visitors of the catchment of Lake Vomb. For investigating the uncertainties not suitable to model using probability distributions, 
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The total pathogen load (L total , pathogens/day) originates from many sources (e.g. WWTP, 403 fertilisation using manure, grazing animals, wild animals) and was illustrated as:
where L other (pathogen/day) was the load from all other pathogen sources. Since the OWTSs 406 load to Lake Vomb in relation to the total pathogen load was unknown, two scenarios (L OWTS
407
= 75 % and L OWTS = 50 % of L total ) were investigated.
408
To estimate in what range the non-monetised benefits in A1-A3 would have to be in order to (Table S1) , dose-response (Table S2) , CBA (Table S3) 
percentiles in million SEK (MSEK).
442
For A1-A3, the costs would be solely taken by the owner of the OWTS that will be connected 443 to the WWTP (installation of pipes on their own property and a connection fee). For A4, the 444 costs would be solely taken by the drinking water producers initially and eventually by the 445 drinking water consumers through a higher drinking water fee.
446
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The benefits were distributed between the drinking water consumers (health benefits) and the 447 inhabitants and visitors of the catchment area of Lake Vomb (environmental benefits). For 448 A1-A3, the drinking water consumers received 11 or 18 % and the inhabitants and visitors 449 received 89 or 82 % of the benefits, using a low or high valuation of a QALY, respectively.
450
For A4, the benefits were solely attributed to the drinking water consumers. 
Uncertainty and sensitivity analysis 452
For A1-A3 using 3.5 % discount rate, the NPV sensitivity to the inputs in the CBA were (top 453 three in descending order): cost per pipe meter (C Pipe ), wastewater pipe length (WP), and 454 ∆QALYs (A1-A3). For A4 using 3.5 % discount rate, the NPV sensitivity to the inputs in the
455
CBA were (top three in descending order): ∆QALYs (A4), cost for installation of UV 456 treatment (C UV ) and cost for maintenance of UV treatment (C UVmaint ).
457
The concentration of norovirus in raw water (C RW_Noro ) was the most sensitive to the following 
472
The dose-response relationship between the concentrations of pathogens in drinking water
473
(C DW ), infectivity (m), drinking water consumption (WI) and the probability of infection (P inf )
474
was illustrated using scatter plots from the 10,000 MC simulations.
475
A scenario-based analysis was performed to analyse the effects on the final NPVs from 
484
• positive health effects for humans from improved water quality for recreational 485 activities in Lake Vomb;
486
• positive health effect for animals (both domestic and wild) from improved water 487 quality in the catchment and in Lake Vomb;
488
• perceived value for private OWTS owners not being responsible for treating their 489 wastewater;
490
• increased market value of the properties connected to the municipal water and • possibility to recycle nutrients when wastewater is treated at the WWTP;
495
• reduction of CO 2 emission when sludge transportation trucks do not need to empty 496 closed tanks and three compartment septic tanks;
497
• reduced traffic accidents and related risks since heavy traffic is reduced in the 498 catchment area.
499
For alternative A4, non-monetised benefits are:
500
• less disinfection by-products due to lower dosage in chlorination;
501
• reduced handling and storage of chlorination chemicals.
502
For A1-A3, these additional benefits need to be 800-1200 SEK or 1800-2400 SEK per OWTS
503
per year for 1% and 3.5% discount rate, respectively, to give a positive NPV (50 th percentile).
504
These ranges apply for both the high and low valuation of a QALY.
505
5 Discussion
506
The aim of this study was to present an approach for comprehensive decision analysis using
507
CBA of microbial risk mitigation measures in DWSs, and including Lake Vomb as a case to 508 illustrate the assumptions needed and the associated variabilities and uncertainties. Below we 509 discuss the QMRA, the CBA, the uncertainties, and the overall applicability of the decision 510 model. way forward is to combine the data on incidence with binary probability density functions.
520
This would capture the on/off characteristics of infections and enable the use of the decision 521 model on smaller systems, even on a single OWTS.
522
To acknowledge the ambiguity (a factor of 100 between values) and the lack of information in 523 the underreporting factor, it was assigned a point value and not included in the MC 524 simulations. However, the factor for underreporting is uncertain, and further investigations on 525 how to describe this input need to be conducted. The factor for underreporting is important,
526
since increased underreporting results in a corresponding increase of the estimation of the 527 pathogen concentration at the raw water intake.
528
The estimated pathogen load to Lake Vomb can be validated. The estimated concentrations of 
Water quality modelling
540
The log 10 reduction during transport in Lake Vomb was estimated using hydrodynamic resource management (Oliver et al. 2016 ).
547
The model describing the artificial groundwater recharge system was highly simplified. The The estimated annual probability of infection (P annual ) was slightly higher than the WHO Since the total risk level in the drinking water system cannot be estimated, it was important to 614 investigate whether the results change if the OWTSs contribution to the total risk is altered.
615
Results showed that changing the OWTSs contribution to the total pathogen load did not 616 change the ranking of the alternatives.
617
After scrutinising the CBA results, decision-makers need to consider benefits that were year. The value of the benefits when using a 3.5 % discount rate need to be approximately 622 1000 SEK higher than when using a 1 % discount rate.
623
Some factors vary over time both within a year, e.g. incidence and water flow etc., and over support rendered from the CBA and the QMRA can be used as input for appropriate criteria.
638
To give some examples, the NPV can provide information to the economic dimension, 639 distributional analysis and QALY assessment can provide input to the social dimension, and 640 water quality modelling can provide input to the environmental dimension in a sustainability 641 assessment, see e.g. Rosén et al. (2015) .
642
The focus of this study was to describe the methodology of comparing microbial risk Results from the case study showed that the alternative to connect the smallest proportion
656
(25 %) of on-site wastewater treatment systems to the wastewater treatment plant (A1) at
657
Lake Vomb was the most societally beneficial. However, the only alternative that would 658 reduce the annual probability of infection to meet the WHO guidelines with a high degree of 659 certainty (95 th percentile) was installing UV-disinfection (A4). In relation to the development of the risk-based decision model, the following conclusions were drawn: M A N U S C R I P T
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• The developed decision model is flexible and can be tailored to different drinking 662 water systems and different types of decision problems.
663
• To implement the decision model, a multitude of uncertainties and variabilities needs 664 to be addressed. However, the model provides tools to include these variabilities and 665 uncertainties in a structured manner.
666
• Through the process of performing the cost-benefit analysis, aspects important for 667 decision making that may otherwise easily be overlooked or ignored are openly 668 displayed and assessed.
669
• regarding the sensitivity analysis, provided from Tommy Norberg was highly appreciated. • The microbial risk mitigation measures were compared in a Swedish case-study.
• Microbial risk reduction was measured in QALYs and monetised.
• This novel decision model provides transparent and holistic decision support.
